Next-generation sequencing (NGS) is increasingly being used in cancer care to identify both somatic tumor driver mutations that can be targeted for therapy, and heritable mutations in the germline associated with increased cancer risk. This report presents a case of a JAK2 V617F mutation falsely identified as a duodenal cancer mutation via NGS. The patient was found to have a history of polycythemia vera, a disorder with a high incidence of JAK2 somatic mutations. Buccal cell DNA showed heterozygosity for the mutation, suggesting that it was potentially germline. However, subsequent resequencing of tumor, adjacent normal tissue, and fingernail DNA confirmed the mutation was somatic, and its presence in tumor and buccal cells resulted from contaminating blood cells. This report highlights important nuances of NGS that can lead to misinterpretation of results with potential clinical implications.
Background
The advent of next-generation sequencing (NGS) has revolutionized the identification of genetic alterations involved with cancer initiation and drug resistance. In oncology, 2 classes of mutation testing are available for patients. Germline testing seeks to identify genetic alterations that predispose to cancer development due to heritable mutations (eg, BRCA1 and BRCA2). In contrast, somatic alterations are genetic changes that occur only in the tumor. For NGS of tumors, the potential advantage of germline DNA sequencing that is performed in parallel with the patient's tumor is the ability to distinguish somatic mutations from germline variants. 1 masking of germline variants of clinical significance (eg, BRCA1 and BRCA2 mutations), because most filtering algorithms simply discard all variants that are present in both germline and tumor DNA without considering whether it may be a germline deleterious mutation. Furthermore, germline testing requires additional sequencing and bioinformatics, which can ultimately increase time and cost. In addition, an underappreciated consideration is the source of germline DNA used for analysis. This report presents an unusual case that highlights potential misinterpretations that can occur when performing NGS on tumor tissues, and the inaccurate information that can result from using inappropriate tissues as the source of germline DNA.
Case Report
A 66-year-old woman experienced 2 weeks of abdominal pain and then noted dark urine, prompting evaluation. Blood work revealed an elevated lipase level, and CT scan results showed an "apple core" lesion in her duodenum. Upper endoscopy demonstrated a stricture at the duodenum, and bloodwork was notable for elevated levels of total bilirubin (4.5 mg/dL), alkaline phosphatase (443 U/L), aspartate transaminase (388 U/L), and alanine transaminase (675 U/L). Her blood counts were within normal limits. A pancreatic CT showed a circumferential mass around the duodenum. She underwent a pancreaticoduodenectomy (Whipple) procedure, with pathology showing a 3.0-cm moderately to poorly differentiated duodenal adenocarcinoma. Of 28 lymph nodes, 6 were positive for disease. The patient initiated adjuvant chemotherapy with folinic acid, 5-fluorouracil, and oxaliplatin (FOLFOX); however, recurrence in her liver was discovered during her adjuvant treatment. Due to side effects, her therapy was changed to capecitabine. Her disease progressed and she was placed on folinic acid, 5-fluorouracil and irinotecan (FOLFIRI). She continued to have progressive disease and was then started on cetuximab; however, her disease worsened. Her primary duodenal cancer was subjected to NGS using a cancer gene panel (FoundationOne; Foundation Medicine, Inc., Cambridge, MA) (see supplemental eAppendix 1, available with this article at JNCCN.org). The Genetic Alterations in Tumors With Actionable Yields (GAITWAY) tumor board at Johns Hopkins received the results and discussed potential mutations that could be targeted for therapy.
The patient's NGS results contained CCND3, CDK4, ERBB3, VEGFA, GLI1, and MDM2 amplifications and SMAD4 E538* and JAK2 V617F mutations. Of these alterations, the JAK2 mutation was noted to be potentially actionable given that this mutation is found in the vast majority of patients with polycythemia vera (PV) and is predictive of response to the targeted kinase inhibitor ruxolitinib. 2 After conferring with the referring physician, it was discovered that the patient had a history of JAK2-positive PV treated for many years exclusively with phlebotomy. At this point, we reasoned that the JAK2 mutation was likely blood contamination of the duodenal tissue. However, there was still the remote possibility that this was instead a heritable, germline mutation, which cannot be differentiated from somatic mutations when only tumor tissue is sequenced. Although the JAK2 V617F mutation has never been reported in the germline of patients with sporadic or hereditary PV, there have been reports of other JAK2 mutations, including V617I, in the germline of patients with the related myeloproliferative disorder essential thrombocytosis.
3-5 Therefore, we wanted to definitively rule this out, because it would have implications for treatment and genetic counseling. Because blood could not be used in this instance as a source of germline DNA, we performed Sanger sequencing using DNA extracted from a buccal swab. Surprisingly, this analysis showed an approximately 50% allelic fraction, suggesting the mutation was potentially germline (Figure 1 ). Although saliva and buccal swab samples can contain contaminating hematopoietic cells, 6 we had reasoned that DNA from blood cells would contribute only a minor allelic fraction that would be below the limit of detection on standard Sanger sequencing. 7 To address this further, we obtained the primary tumor and adjacent normal tissues and repeated NGS testing. The JAK2 V617F mutation was present in both tumor and normal samples, but at low allelic frequencies of 13% and 4%, respectively (Figure 2A ). This strongly suggested that the mutation arose from the blood cells and was not germline, because germline mutations would be expected to have an allelic frequency close to 50%. 
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To definitively prove the mutation was not germline, we obtained fingernail clippings as an alternative source of normal tissue. Sanger sequencing analysis demonstrated only wild-type sequence at the JAK2 V617 locus (Figure 3) . Unfortunately, the patient's disease continued to progress, and she ultimately was referred to hospice care.
Discussion
This case report highlights several considerations when evaluating tumor sequencing results. First, if germline DNA is being tested for comparative purposes, the source of germline DNA needs to be considered in the context of a patient's clinical history and disease state. Peripheral blood lymphocytes, buccal swabs, and saliva are often used as sources of DNA for germline noncancer controls, but clearly cancer DNA can be overrepresented in these fluid/tissue sources when a patient has a hematologic cancer or myeloproliferative disorder. In this case report, it is likely that there was an extremely high level of blood cells present in the patient's saliva leading to a 50% allelic fraction.
Second, this case illustrates the need for interpreting NGS results within the context of clinical history, as well as the knowledge of mutations that are strongly associated with a given cancer. Genes frequently mutated in hematologic disorders, including JAK2, IDH1, IDH2, SF3B1, KRAS, NRAS, and others, have also been found to be somatically mutated in a variety of solid tumors. 8 Several of these genes are viewed as potential therapeutic targets or predictors of drug response or resistance. In this case, the referring physician knew of the patient's PV diagnosis. However, it is possible that for some solid tumors with reported mutations that are typically found in hematologic diseases, the mutation may originate from undiagnosed blood disorders that have contaminated tumor specimens used for NGS, as was the case for our patient ( Figure 2B ). Oncologists and molecular tumor boards reviewing NGS reports should be vigilant for this possibility.
Third, although tumor cellularity is often assessed when evaluating tissue specimens for NGS, there may be utility in reporting hematopoietic cellularity within the tissue specimens used for such analyses, especially when mutations in genes typically associated with hematopoietic disorders are identified. Along these lines, we advocate reporting of mutational allelic frequencies in NGS results, which can aid in interpretation of subclonal populations and contamination by blood cells.
Finally, we propose that fingernail clippings are a viable source of germline DNA and offer significant advantages over currently used tissue sources, including painless procurement, lack of blood contamination, minimal cost, and ease of obtainment. Although nail clippings are used routinely in forensic medicine, newer extraction techniques have allowed for higherquality DNA that is now suitable for NGS analysis. 
Conclusions
In the era of precision oncology, there is great enthusiasm for matching targeted therapies to alterations obtained from tumor genomic analysis. This case report highlights the need for caution in evaluating these reports to prevent misdirected therapeutic decisions. Without a priori knowledge of the patient's history of PV, one could easily envision that therapy with ruxolitinib may have been initiated for this patient, which likely would have had limited therapeutic efficacy. We strongly encourage the use of molecular tumor boards to aid in the interpretation and clinical recommendations derived from NGS and other molecular tests of patients' cancers.
